Background: Multiple mechanisms have been proposed to explain how greenery in the vicinity of people's homes enhances their mental health and wellbeing. Mediation studies, however, focus on a limited number of mechanisms and rely on remotely sensed greenery measures, which do not accurately capture how neighborhood greenery is perceived on the ground.
Introduction
The support of people's mental health and wellbeing 1 through natural environments is receiving increasing attention [1, 2] . Accumulated findings suggest that exposure to outdoor greenery in the vicinity of people's homes is intertwined with and plays a vital role in their mental health and wellbeing [3] . Various cross-sectional and a few longitudinal studies have reported that exposure to pronounced quantities of greenery contributes to mental health and wellbeing [4] [5] [6] [7] [8] [9] , although this has not always been consistently confirmed [10] [11] [12] [13] .
However, in what ways exposure to greenery affects mental health and wellbeing remains an open question grounded in a limited empirical evidence base [14, 15] . Without reaching an ultimate consensus, the following biopsychosocial pathways were suggested to underlie the health benefits of greenery: Exposure to greenery supports restoration from stress and mental fatigue [16, 17] , encourages people to be physically active [18] [19] [20] , filters health-threatening pollutants such as particulate matter and noise [21] [22] [23] , and enhances neighborhood social cohesion among residents [24, 25] . However, while theoretically sound, empirical studies examining one or more of these pathways are significantly underrepresented and often produce contradictory findings [19, 24, 26, 27] .
This lack of consensus on the pathways underlying the greenery-mental health relation may also be due to, for example, the way the exposure to greenery is assessed. Greenery is typically represented through remote sensing data [15, 28] , such as the normalized difference vegetation index (NDVI) [29, 30] . It is, however, questionable whether such overhead-view measures from a bird's eye view accurately capture how people on the ground perceive vegetation [31] [32] [33] [34] . Executing manual in situ greenery audits, or doing them online through street view services, is a resource-intensive alternative [35, 36] . Street view services (e.g., Tencent
Online Map, Google Street View) display streetscape images along streets through the web. Recent progress in deep learning [37, 38] , however, enables the automatic extraction of streetscape greenery, such as trees and green walls, from street view images obtained from online street view services. A preliminary study carried out in Beijing, China, showed that streetscape greenery derived from street view data was inversely 1 As a multi-dimensional construct, mental wellbeing constitutes positive states of psychological, life satisfaction, as well as emotional health [63] .
correlated with depressive symptoms among elderly people, while this was not the case for NDVI [31] . This suggests that streetscape greenery is particularly vital in dense Chinese inner cities, where larger areas of greenery are often absent. Vegetation reduces the levels of air pollutants and noise from urban traffic [14] and seems to support people's mental restoration. Therefore, we speculated that streetscape and remotely sensed greenery exposure metrics indeed capture diverse aspects of greenery and differ in their underlying pathways (i.e., the number and magnitude of mediators).
In light of these research gaps, we set out to investigate, using a population sample in Guangzhou, China: 1)
How streetscape greenery and NDVI are correlated with mental wellbeing; 2) in response to a recent call [14] , whether and, if so, to what extent the associations are mediated by physical activity, stress, air quality and noise, and social cohesion; and 3) whether differences in the mediation across the streetscape greenery and NDVI exposure metrics occurred, which if verified, would point toward diverse underlying mechanisms.
Materials and methods

Study population
This was an observational study conducted in Guangzhou, a city on the Pearl River in mainland China. It is part of one of the world's most urbanized metropolitan areas and has a population of more than 11 million [39] . Examining this metropolis balances the excess of study sites located in the Western world [15] .
Data were collected by means of a cross-sectional survey based on face-to-face interviews at people's homes in June-August 2016. To be involved in the survey, respondents had to be aged between 20 and 76 years and have been registered as inhabitants of Guangzhou for at least 12 months. 1,050 respondents were addressed.
Respondents were selected through a strict sampling procedure. In brief, a multi-stage stratified probability proportionate to population size sampling design was implemented. This resulted in 35 randomly sampled neighborhoods with a mean area of 1.91 km 2 (SD±574.691m 2 ), comprising, on average, 4,155 people (SD±606). The neighborhood level is the most detailed administrative level available in China. The total sample size was 1,029 respondents. The response rate was 98%.
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We assessed greenery at the neighborhood level where people live in order to comply with privacy regulations. Using the exact residential address was not possible because it would facilitate to re-identify a respondent. The study received approval from the Sun Yat-sen University Research Ethics Committee and consent was obtained from all subjects.
Datasets
Mental wellbeing
The outcome measure was respondents' mental wellbeing. To quantify a multi-dimensional construct like subjective psychological wellbeing, we applied the World Health Organization Well-Being Index (WHO-5) [40] , which had previously been implemented in greenery studies [8, 13] . The questionnaire comprises five items evaluating respondents' mental health-related feelings over the previous two weeks. Each positively phrased item was scored on a Likert scale with six categories ranging from "at no time" to "all of the time."
A Cronbach's alpha of 0.815 referred to an excellent internal consistency for the five items. The individual items were used to receive a single WHO-5 index score ranging from 0 (= worst wellbeing) to 25 (= best wellbeing). Evaluation studies have certified the good validity and reliability of the WHO-5 for general populations [40, 41] . A Cronbach's alpha of 0.815 shows that our sample had an excellent internal consistency.
Greenery data
Neighborhood-based outdoor greenery was determined in two ways. First, to assess streetscape greenery, we used a series of street view images from Tencent Online Map, which is the most comprehensive street view image database in China [42] . Image locations, each 100 meters apart, were regularly sampled along the road network. Road data for 2016 were obtained from OpenStreetMap [43] . For each sampling location, we downloaded street view images with a dimension of 480×320 pixels from four headings (i.e., 0, 90, 180, and 270 degrees) [44] . This resulted in 31,414 sampling points and 125,656 street view images. On average, we considered 2,106 images per neighborhood (SD=768.016).
To extract streetscape greenery objects (e.g., plants and trees), a supervised machine learning approach based on semantic image segmentation techniques was implemented [31] . More precisely, we used a fully convolutional neural network for semantic image segmentation (FCN-8s) [38] together with the online ADE20K dataset of annotated images for training purposes [45] . For methodological in-depth discussions, we refer to the original references. Based on the pixel-by/to-pixel comparison with a manually conduced segmentation [46] , the accuracy of the FCN-8s was reasonably high, namely 0.814 for the training data and 0.800 for the test data. Streetscape greenery per sampling point was determined as the ratio of the number of greenery pixels per image summed over the four cardinal directions to the total number of pixels per image summed over the four cardinal directions. To receive a neighborhood-based streetscape greenery measure, we averaged the image-specific greenery scores per area.
Second, we used a typical greenery exposure measure from remote sensing data. (NIR+RED) [29, 47] . The index ranges from −1 to 1; more positive values refer to greener vegetation, and negative values refer to non-biomass (e.g., water). In order to avoid distortions due to negative values when averaging NDVI values per neighborhood, negative values were disregarded [15, 30] .
Potential mediators
Four potential mediators were obtained from the questionnaire as suggested in the literature [14] . First, respondents' physical activity was quantified by their weekly physical exercise time in hours [19] . Second, self-reported stress [24] was measured by one question. The variable was coded into five categories. Third, the perceived air quality and noise [17, 48] in the neighborhood were assessed on the basis of two 5-level Likert items. For the final index, both items were averaged; higher values indicate more environmental satisfaction. Fourth, social cohesion [24, 26] was measured by six 5-level items. Cronbach's alpha for the items was 0.82. We determined the respondents' mean scores on these items. Each question is given in Table   A2 in the supplementary materials.
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Covariates
Widely employed covariates referring to people's demographic and socioeconomic circumstances as well as their lifestyles were included a priori. Our controls were gender (male; female), age (in years), education attainment (primary school or below; high school; college or above), marital status (married; single, divorced, or widowed), hukou (i.e., the household registration system in China) status (yes; no), household wealth expressed through four income categories (in Chinese yuan, CNY), household size (number of people), length of occupancy (in years), functional ability (restricted; not restricted), medical insurance status (yes; no), smoker (yes; no), and drinker (yes; no).
Statistical analyses
Summary statistics were employed to describe the study population and to assess the central features of each variable. A non-parametric Spearman correlation was used to measure the association between streetscape greenery and NDVI on a neighborhood-level.
To examine whether the association between greenery and mental wellbeing could be partially or fully explained by the mediators-namely physical activity, stress, air quality and noise, and social cohesion-we conducted a multi-step mediation analyses [49] . Mediation analysis decomposes the effect of greenery on mental wellbeing into a direct and a mediation (indirect) component (i.e., the total effect minus the direct effect) as well as a total effect. The percentage of mediation was determined by dividing the mediation by the total effect.
The following steps were conducted. First, we identified the direct association between neighborhood-based greenery and respondents' WHO-5 scores. Model 1a included streetscape greenery, Model 1b included the NDVI, Model 1c included both greenery measures together, and Model 1d included a streetscape greenery-NDVI interaction term. We fitted fully adjusted multilevel linear regression models [50] considering WHO-5 as the continuous outcome. In order to consider correlations that arise because respondents are nested in neighborhoods with similar exposures, a random intercept was included. Model 9 performance was assessed by the Akaike information criterion (AIC); a smaller AIC score refers to a better goodness-of-fit [51] . Second, in Model 2a we regressed each mediator on streetscape greenery and in Model 2b on the NDVI. These models were fully adjusted. Third, the Models 3a, c, e, g, and i determined the association between streetscape greenery and WHO-5 scores including the significant mediators one at a time and simultaneously from the second step. The Models 3b, d, f, h, and j assessed the NDVI-WHO-5 association and the mediators separately and together. Figure 1 summarizes our conceptual model. Figure 1 . Greenery-mental wellbeing mediation model. All pathways were adjusted for multiple covariates.
Partial mediation occurs when the greenery effect from step 3 is reduced compared to step 1. Complete mediation occurs when the significance of the effect disappears entirely. To test the significance of the mediation effect, Sobel tests were conducted [52] . The test statistic assesses whether including a mediator in the regression together with streetscape greenery or NDVI reduces the greenery effect while the mediator remains significantly correlated. Statistical analyses were carried out in STATA 15.1.
Results
Descriptions of the study population and the greenery measures
The characteristics of the study population are summarized in Table 1 . A comparison between the characteristics of our sample and the general population (>18 years old) in the inner city of Guangzhou showed good agreement (Table A1 ). The 1,029 participants had a mean age of 41 years; half of them (50.146%) were male (standard deviation (SD) ±13.576). On average, the WHO-5 score was 12.1, with a SD of ±3.7. The average NDVI score was 0.131 (SD±0.113), while the proportion of streetscape greenery was 0.267 (SD±0.060). These differences across both greenery measures are also apparent in Figure A1 (supplementary materials). Respondents reported a mean physical activity level of 4 hours per week; the SD (±4.2) was large. The subjects seldom experienced stress (mean=1.7, SD±0.808). A mean of 3.1 (SD±1.050)
refers to a neutral perception of air quality and noise within the neighborhood; the rating for social cohesion was also neutral (mean=2.948, SD±0.582). The Spearman correlation (0.045) was positive between both greenery measures, but did not reach statistical significance (p=0.789). 
Correlations between greenery and WHO-5
With a neighborhood-level intra-class correlation of 0.385 of the null model (i.e., one without any variable), the application of multilevel models was justifiable. Table 2 Table 3 shows the results of regressing greenery on the mediators. In Models 2a and 2b, greenery was positively correlated with physical activity. More streetscape greenery was also related to reduced perceived psychological stress; however, for NDVI the association was counterintuitive but insignificant. We observed that streetscape greenery was positively correlated with perceived air quality and noise at a 5% level; it was insignificant for NDVI. Respondents' social cohesion score was significantly positively correlated with streetscape greenery and NDVI. compared to the models with a single mediator one at a time (Table 4) . Finally, Table 5 summarizes the direct, mediating, and total effects of the mediation analyses. For streetscape greenery, physical activity accounted for the largest proportion (47.906%) of mediation, and social cohesion for the smallest (39.353%). Stress (43.081%) and air quality and noise (43.284%) were well balanced.
Correlations between greenery and possible mediators
Correlations between mediators, greenery, and WHO-5
Pronounced reductions in the proportion of mediation were observable for NDVI. Here, the proportion mediated by physical activity was 11.771%; for social cohesion it was 3.011%. In the multiple mediation models, the mediators combined accounted for 62.162% (streetscape greenery) and 22.196% (NDVI). 
Discussion
This study examined how four mediators-namely physical activity, stress, air quality and noise, and social cohesion, both individually and in combination-affect the correlation between greenery and mental wellbeing. This study is unique in that it incorporated the underlying mechanisms for greenery that were automatically audited on site and captured through remote sensing.
Main findings
Our finding that more greenery correlates positively with mental health and wellbeing corresponds with findings reported elsewhere [6, 25, 27] . [13] observed that while NDVI was positively associated with wellbeing for two Australian cities, this was not the case for two cities in New Zealand. The latter also corresponds to a Dutch study on psychotic disorders [11] . Regardless of these mixed findings, a systematic review found a stronger tendency that exposure to more greenery seems to be beneficial for mental health and wellbeing [2] .
Although the application of street view data is gaining momentum [32, 33, 36] , the evidence base for streetscape greenery is weak. We are aware of only a few studies that assessed streetscape greenery on mental health [24, 34, 35, 53] , and only one employed a similar deep learning approach [31] . Our finding that both streetscape greenery and NDVI support mental wellbeing among adults is novel. Most importantly, both greenery measures reached statistical significance in the regressions even though they correlated only weakly with each other, as others reported [31, 54] . Moreover, assessing joint effect of both measures and their interaction provide further evidence that streetscape greenery and NDVI represent different aspects of the natural environment. This many also be an explanation why the coefficients across the greenery measures differ markedly; however, this conclusion still remains speculative. That exposure to streetscape greenery may guard against mental disorders corroborates a study among elderly people in Beijing, China [31] and one in Ottawa, Canada [34] . It seems that small-sized natural elements (e.g., trees) and/or vertical natural elements (e.g., green walls) are beneficial to resident' health [24, 35, 55] . In the Beijing study, however, NDVI did not reach statistical significance [31] .
To shed light on the still hypothetical mechanisms, mediation analyses were conducted. We found that the streetscape greenery-mental wellbeing correlation was mediated by physical activity, stress, air quality and noise, and social cohesion, while only physical activity and social cohesion appeared to be a mediator between NDVI and mental wellbeing. In line with our hypothesis, perceived streetscape greenery, often small in size, makes a significant contribution to mental wellbeing, by buffering against stress and mitigating environmental pollutants (i.e., air pollution and noise), which seems essential in highly urbanized inner cities where larger green spaces are scarce. Although not exactly comparable with prior studies due to differences in research designs, that approximately one fifth of the NDVI correlations explained by the mediators mirrors a European study [19] . For streetscape greenery, the proportion (two thirds) was considerable higher.
In the context of the available evidence, the underlying reasons for such differences deserve more attention, but our results support the hypothesis that streetscape and remote sensing-based assessments may indeed capture diverse greenery aspects.
As we are unaware of another mediation study like ours, the following discussion is not specifically tailored to streetscape greenery. In line with our results, two Dutch studies [24, 25] report that pronounced social cohesion contributes to the mental health benefits of greenery, which contradicts findings from adults in Catalonia, Spain [27] . Consistent across the greenery measures, we found that physical activity may be among the mediators. Greenery may motivate people to undertake physical activities (e.g., walking; [44] ), which supports wellbeing [56] . However, due to a lack of correlations between physical activity, social support, and greenery, others [24, 27] questioned such a possible pathway. In contrast, an Australian study found that physical activity in the form of recreational walking explained parts of the association between greenery and mental health [26] . In our models, perceived stress was a significant mediator only for streetscape greenery, supporting the notion that the health-supportive effect of greenery may be via stress reduction, as also pointed out in other studies [14, 27] . We showed that perceived air quality and noise may be among the mechanisms whereby streetscape greenery promotes mental health and wellbeing. That the mediator was not of relevance for NDVI is counterintuitive, as vegetation absorbs air pollutants and noise [21] [22] [23] . The differences in our mediation analyses across both greenery measures verify our aforementioned findings that different operating mechanisms could be at play.
Strengths and limitations
Our study has multiple strengths and limitations. It is the first population-based study we are aware of that conducted mediation analysis with street view greenery data in the context of mental health. A methodological strength is the way in which we modeled greenery, namely by coupling cutting-edge deep learning with street view data. Neither streetscape greenery nor NDVI is affected by people's self-reporting and subjective perception [57] , though it raises questions about the actual greenery use [58] . Both measures also do not convey information about the quality of greenery [58] . Where earlier studies [7, 12] focused on direct correlations between greenery and mental health, we centered this analysis, like only a few others [17, 19, 20] , on potential mediators affecting this association. Related to this, testing the four suggested mechanisms simultaneously [14] is another strength; some previous studies tested only two [27] . Unlike concentrating on Western countries, a vital aspect was the selection of a rapidly urbanizing Chinese metropolis. However, transferring and generalizing our results to other areas requires verification.
Privacy issues prevented us from assessing greenery in the immediate vicinity of people's homes [4] , though it is likely that greenery varies within neighborhoods. Moreover, since no information on people's activity locations and daily travel was available (e.g., GPS tracks; [33] ), our exposure assessment may be biased [59] .
Future studies are urged to address this issue. When working with street view images, it is unavoidable that results may be determined by the availability of images. Such images are usually collected from moving vehicles; greenery apart from roads is usually not included. Many street view images are required to approximate streetscape greenery, which increases the computational burden for large nationwide studies.
Our street view greenery assessment did not consider that distances between the street center lines and the objects (e.g., facades) could vary. This may have affected the amount of greenery per image. Like elsewhere [17, 23] , some variables (i.e., noise) were incorporated through people's subjective experiences, which are likely to deviate from objective measurements [57] . To facilitate comparability with previous studies [24] , we employed mediation analysis after Baron and Kenny [49] . We acknowledge that this approach is not without criticism [60] and more flexible methodologies may serve as alternative [61] . Despite our efforts in adjusting for key personal and lifestyle factors, some confounders were likely to be missing. Due to the lack of information on people's attitudes toward and motives for selecting a residential neighborhood, self-selection remains an issue [62] . Finally, the cross-sectional nature precluded us from making causal statements and reverse-causality cannot be ruled out.
Conclusion
This cross-sectional study assessed greenery-mental health and wellbeing pathways. While streetscape greenery and remotely sensed greenery were insignificantly correlated, our regression results coherently suggest that pronounced exposure to greenery, independent of the measure, is related to gains in people's mental wellbeing. Mediation analyses revealed striking differences between the two exposure metrics in pathways underlying the effect of greenery exposure on mental wellbeing. Physical activity, stress, air quality and noise, and social cohesion partially mediated the relation between streetscape greenery and mental wellbeing; only physical activity and social cohesion served as partial mediators of the health benefits of NDVI. The explanatory power of the mediators was substantial, namely 62% for streetscape greenery and 22% for NDVI.
Taken together, our findings provide evidence that both greenery measures signify different aspects of natural environments. We infer that both measures have different operating mechanisms. Environmental health managers are advised to conduct urban greening interventions in public spaces and to preserve smaller-scale and vertical greenery, as they may represent another way to gain health benefits on a population-level by manipulating the mediators. Further research on streetscape greenery is urged to replicate our findings. 
